The mobility of the upper extremity is essential for everyday activities and for independent living. Shoulder disorders affect the range of motion, therefore a patient assistive system (PAS) for the shoulder joint can be used to compensate the restrictions. The developed PAS supports up to 120°of flexion and abduction. The portable dynamic orthotic consists of two levers and is attached to a hip belt. The upper arm of the patient is connected to the device using a brace. The prototype is driven by one motor and controlled by surface electromyography (EMG). The functionality of the system was successfully verified by tests with healthy subjects. For further development, a study with shoulder patients will be performed and health professionals will evaluate the PAS.
Introduction
The mobility of the shoulder joint is important to fulfil activities of daily living (ADL). More than 15% of the population have impaired shoulder joints [1] [2] [3] . An increasing prevalence of shoulder problems has been observed with age. Between 20% and 27% of the elderly are affected by shoulder disorders, mainly due to rotator cuff diseases resulting in pain, lack of mobility or loss of strength [4, 5] . A patient assistive system (PAS) is beneficial for shoulder patients as reduced muscle function and limited range of motion can be compensated. Further fields of applications are post-operative rehabilitation (e.g. after shoulder arthroplasty) and neurorehabilitation of stroke patients.
State of the art
Active upper limb systems for rehabilitation purpose or power assist for ADL are being studied for more than 15 years [6] . Early research was based on so called endeffector robots, where the system interfaces with the patient's arm at only one point, for example the hand. More recently, the research in rehabilitation robotics shifted towards exoskeletons. Exoskeletons are designed to resemble the human anatomy with joint axes matching the anatomical joint axes and operating side by side with the upper limb [7] .
Most upper limb exoskeletons were developed for rehabilitation purpose, e.g. to improve motor function in stroke patients [6] . The devices are usually stationary (e.g. CADEN 7 [8] , ARMin [9] ), so that patients do not have to bear the weight of the exoskeleton. Revised followup versions of ARMin are available on the market and in clinical use [10] . Only few systems are portable (e.g. MGA [11] , RUPERT IV [12] ). To the author's knowledge, no portable assistive system for the shoulder joint has been commercially realized at the current time.
Material and methods
Among the joints in the human body, the shoulder is one of the most complex joints with a large range of motion. The design of a PAS has to take into account the anatomy of the shoulder as well as the required range of motion for the target indication.
Anatomy of the shoulder
The shoulder joint (Figure 1 ) connects the humerus, the shoulder girdle consisting of scapula and clavicle with the thorax. The large mobility of the joint is enabled by the physiological scapulathoracic articulation: The scapula can glide over underlying thoracic muscles. The glenohumeral joint between the humeral head and the glenoid of the scapula is mainly stabilized by the rotator cuff muscles. As a consequence, there are almost no bony structures limiting the range of motion of the shoulder joint. The glenohumeral joint contributes about two thirds and the scapulathoracic joint one third to the abduction range of the arm [13] . The interaction of the glenohumeral und the scapulathoracic joint is called scapulohumeral rhythm [14] .
Required range of motion
In the shoulder joint, the healthy population can reach up to 180°of abduction and flexion when raising the arm against gravity [13] . The required level of abduction and flexion for common ADL according to literature is listed in Table 1 .
Based on the literature research, a functional range of motion of up to 120°of abduction and flexion is considered sufficient for most activities.
Indication and design requirements
The PAS assists the patient in moving the arm against gravity without replacing the existing muscle forces. It Table 1 : Required range of abduction and flexion for ADL [15, 16] .
Activity Abduction Flexion
Washing the face 0°42°C ombing hair 126°113°F astening a button at neck level 8°28°E ating with a spoon 22°55°T ouching the mouth 0°49°P ouring water into a glass 55°56°D rinking with a glass 73°87°P lace can of soup overhead 0°121°i s intended to be used to accomplish housekeeping and everyday activities. In order to successfully cope with ADL, the PAS has to be autonomous portable, whereas a therapy device could be stationary only. The range of motion of the PAS must be sufficient for ADL. Besides patient specific adaptability ease of use, low weight and an appealing design are essential for the acceptance of a PAS. Finally safety aspects are highly important for a device interacting with the human body.
Results
Different approaches can be taken to implement a PAS. In case of an exoskeleton design [17, 18] , the rigid links guide the arm and bear the additional forces, thus preventing additional load in the shoulder joint. As an intrinsic requirement of such an exoskeleton, the mechanical joint axes have to be aligned with the anatomical axes of the shoulder joint. Misalignments can lead to harmful constraining forces in the human shoulder joint. In addition, an exoskeleton is bulky and cumbersome to don and doff. For easier adjustment to the patient and to improve the everyday suitability the presented PAS has not been realized as exoskeleton.
Mechanical system
The resulting prototype with the name PAS Mono (Figure 2 ) is worn by the patient using a hip belt. The base lever with a length of 390 mm is attached to the belt by a pivoting joint. The rotating lever arm is available in three different lengths of 155, 180 and 205 mm, respectively, according to the height of the patient. The two levers are connected with a hinge joint and the system is optimized to support up to 120°of flexion and abduction, driven by a linear motor with a stroke of 100 mm. The commercially available DC motor offers a maximum dynamic load of 240 N. The upper arm of the patient is strapped by Velcro fastener into a brace. The brace comes in three different sizes and the padding is made of neoprene and can be removed and cleaned.
The prototype is constructed in lightweight design. The material of the levers is anodized aluminium and the brace, belt fixation and covering was manufactured by 3D printing in PLA. The system is battery powered and thus completely autonomous and portable at a total weight of only 2.5 kg.
Control
The PAS Mono can be controlled manually by joy stick or by electromyography (EMG).
In EMG mode (Figure 3) , the system detects the activity of the deltoid muscle with surface electrodes. The deltoid was chosen because of its physiological role as the most important muscle to raise the arm. As a consequence, the PAS Mono can be controlled intuitively. If the EMG signal (representing the muscle activity) is above the threshold, the PAS supports the patient in raising the arm. If the signal is below the threshold, the PAS moves downwards. If the signal is within the deadband, the PAS holds its position. The level of the threshold can be adjusted patient specific with a rotary potentiometer. Prior to the comparison with the threshold, the EMG signal is filtered by moving average.
The motor is equipped with hardware end stops and the range of motion of the system can be limited in the software to avoid injury of the patient. The level of assistance can be defined in the software by limiting the supply current of the motor.
Experiments
The experiments were performed by three healthy subjects, two men and one woman with a mean age of 50.3 ± 6.2 years. Functional tests have shown that the device is adaptable to different persons. The subjects were able to don and doff the PAS Mono independently, using one hand only. The system was controlled intuitively by the deltoid muscle activity. Depending on the subject a learning phase may be needed for precise control.
Several activities have been investigated during the experiments. It turned out that the PAS Mono is particularly helpful if the hand needs to be raised above the head, for example when picking a box or a pot plant from a large shelf (Figure 4 ). Further tested activities include dusting, watering plants, combing hair, picking a book from a shelf and reading in the book.
Discussion
The PAS represents a new kind of device for assistance which may be described best as dynamic shoulder orthotic. The system allows patients to regain functional mobility in the shoulder joint. Thus, the patients can continue an independent lifestyle and remain in their familiar environment. This also helps to reduce the care costs. The functionality of the PAS Mono was successfully verified by tests with healthy subjects. If a patient has only one impaired shoulder joint, many activities can be accomplished using the healthy side. Lifting objects usually requires both hands and the experiments have shown that the PAS is especially useful in these situations.
A B
Since the motion of the shoulder is not guided as in an exoskeleton, the PAS Mono requires the shoulder joint to be stabilized adequately by the rotator cuff muscles to avoid the risk of luxation. In case of a dysfunction of the deltoid, it would also be possible to use the EMG signal of a different muscle to control the PAS. However, this would imply more training to get accustomed to the device.
Scheduled next, a patient study with shoulder patients will be performed. During functional tasks, the shoulder muscle activities and the compensatory movements of the upper extremities are examined. After the data acquisition, the PAS is presented to the participants of the study and they are questioned about their opinion on the device. In addition to the patient study, health professionals will test and evaluate the PAS Mono. The results of both studies will be used for the further development of the PAS.
